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ABSTRACT
Rabbit muscle phosphofructokinase (EC 2.7.1.11; 
PFK) undergoes a time dependent lag in activity before 
attaining maximal catalytic velocity. This phenomenon, 
termed hysteresis, is evident when the enzymatic reaction 
is initiated with one of the substrates, fructose 6 - 
phosphate (F 6 - P ) . The lag is not manifested with 
initiation of the reaction by the other substrate, ATP, 
or with the enzyme. The length of the lag was found to 
be dependent upon enzyme concentration, pH, concentration 
of F 6 -P, and the presence of inhibitors or activators in 
the incubation medium. A model is proposed which ascribes 
this phenomenon to a bisphosphate induced conformational 
change of the enzyme to a more active state.
Results with locked, isosteric analogues of 
fructose 1,6 -bisphosphate (F 1 ,6 -P2 ) suggest that there 
are two distinct phases in the hysteretic process in PFK—  
reduction of the lag and actual enhancement of catalytic 
velocity. The former appears to show no anomeric 
preference, while the latter appears to be modulated by 
the a-anomer of F 1 ,6 -P2 *
viii
A series of straight chain bisphosphate compounds 
were synthesized and studied as models for fructose 2 ,6 - 
bisphosphate (F 2 ,6 -P 2 ), a potent activator of PFK.
1,4-Butanediol bisphosphate, which approximates the 
spacing across the P0-Cg-C5 -0-C2 -0P portion of the F 2,6-P2 
molecule, was found to be quite effective in activating 
PFK. The activation constant for 1,4-butanediol bisphos­
phate was determined to be 6 . 6  x 1 0 ® M, compared to
1.2 x 10 ^ M for F 2,6-P2 . The data suggest that the 
allosteric bisphosphate binding site of PFK requires the 
distance between the two phosphate groups of the activator 
be in the range of 9.0-10.2 A. 1,4-Butanediol bisphos­
phate was also found to protect the enzyme against 
inhibition by citrate.
Treatment of PFK with the arginine specific 
reagent, phenylglyoxal, led to inactivation of the enzyme. 
Amino acid analysis determined that at least four arginyl 
residues were modified. Complete loss of activity was 
correlated with modification of six arginyl residues.
F 6 -P and F 1,6-P2 protected against inactivation, with 
two less arginyl residues being modified. While ATP,
ADP, and AMP also protected against inactivation; neither 
was able to decrease the number of arginyl residues 
modified. These data indicate that arginyl residues are 
essential for binding at the active site of PFK.
ix
Chapter I
HYSTERETIC BEHAVIOR OF PHOSPHOFRUCTOKINASE 
Introduction
Rabbit muscle phosphofructokinase (ATP:3-D-fructo- 
furanose 6 -phosphate 1-phosphotransferase; EC 2.7.1.11; 
hereafter referred to as PFK)^ catalyzes the transfer of 
the y-phosphoryl group of ATP to the C-l hydroxyl of 
3-D-fructofuranose 6 -phosphate to produce 3-D-fructo- 
furanose 1,6 -bisphosphate and ADP (Koerner et al., 1974) 
as shown in Eq. 1.
POCH
H O / CH2 OH
POCH
ATP ADP
ho/ ' c h 2 o p
-D-Fructofuranose 
6-phosphate
B-D-Fructofuranose
1 ,6-bisphosphate
The phosphofructokinase referred to in this work 
is to be distinguished from the recently discovered kinase 
enzyme which also phosphorylates fructose 6-phosphate.
This new enzyme ("PFK-II") catalyzes the transfer of the 
y-phosphoryl group of ATP to the C-2 hydroxyl of fructose 
6 -phosphate to produce fructose 2 ,6-bisphosphate, a potent 
activator of the PFK investigated in this study (Pilkis 
et a l ., 1982).
1
2Like all kinases, PFK has an absolute requirement
for divalent cations, the most effective of which is Mg+ + .
This is because MgATP is the true substrate. It has been
found that Mn or Co may be used in place of Mg 
+ +Either NH^ or K can satisfy the requirement for mono­
valent cations (Abrahams and Younathan, 1971).
The enzyme exhibits no absolute substrate 
specificity, having a variety of nucleotide donors and 
sugar phosphate acceptors. The acceptors include 
D-tagatose 6 -phosphate, D-fructose 1-phosphate, D-glucose 
1-phosphate, D-sedoheptulose 7-phosphate, D-psicose 
6 -phosphate, L-sorbose 6 -phosphate, and 2,5-anhydro-D- 
mannitol 1-phosphate (Uyeda, 1979; Koerner et a^ . , 1974; 
Koerner et a l . , 1976; Younathan et a l ., 1981). Either 
ITP, GT P , UPT, or CTP can substitute for ATP as phosphoryl 
donor (Hofmann, 1976; Uyeda, 1979).
Structurally, rabbit muscle PFK exists in its 
active conformation as a tetramer with four identical sub­
units, with a molecular weight of approximately 360,000 
(Goldhammer and Paradies, 1979). Mild acidification 
(approximately pH 6.0) or dilution can bring about a 
reversible dissociation of subunits with a concomitant 
loss of catalytic activity. Binding of ligands can also 
affect the state of aggregation of the enzyme.
3Reaggregation results in the return to normal activity 
(Lad et a l ., 1973; Goldhammer and Paradies, 1979).
As befitting its unique position in glycolysis,
PFK activity is modulated by complex regulation. At pH
8.0 it exhibits hyperbolic, Michaelis-Menten kinetics with 
respect to both substrates, whereas at pH levels closer to 
neutrality, the enzyme demonstrates sigmoidal kinetics as 
a function of fructose 6 -phosphate concentration (Uyeda, 
1979) . Under these conditions ATP becomes an allosteric 
inhibitor at higher concentrations. A number of other 
ligands also influence PFK activity. Positive modulators 
include fructose 6 -phosphate, fructose 1 ,6 -bisphosphate, 
ADP, inorganic phosphate, cyclic AMP, AMP (Mansour, 1972) 
and fructose 2,6 -bisphosphate (Van Schaftingen et al., 
1980; Pilkis et a l . , 1981). Metabolically, the two most 
important allosteric inhibitors are ATP and citrate 
(Uyeda, 1979). The effect of negative modulators is to 
shift the sigmoidal fructose 6 -phosphate saturation curve 
to the right, thereby decreasing the apparent affinity. 
Positive effectors increase the apparent affinity for 
fructose 6 -phosphate (shift the curve to the left).
4The hysteretic concept. During routine assays 
of rabbit muscle phosphofructokinase, in which the 
reaction was initiated with fructose 6 -phosphate, the 
reaction progress curve exhibited a lag in activity before 
attaining maximal catalytic velocity. This phenomenon had 
been noted in previous investigations of PFK (Hood and 
Holloway, 1976; Colombo et a_l. , 1975; Emerk and Frieden, 
1975; Tornheim and Lowenstein, 1975). Depending on con­
ditions, the lag period could last from several seconds 
to minutes during which time the activity increased from 
essentially zero to its maximal rate. In most cases, 
this lag was ignored and the maximal, steady-state rate 
was used as a measure of initial velocity.
Frieden (1970) has termed this lag phenomenon 
"hysteresis" and postulated that it may be of importance 
in regulating enzyme activity, particularly in those 
enzymes involved at control points in pathways, as is the 
case with PFK. The hysteresis is thought to result from 
a slow response of the enzyme to changes in ligand con­
centration. Several mechanisms can account for the 
observed behavior; ligand-induced conformational changes 
of the enzyme, enzyme association-dissociation, and dis­
placement of a tightly bound ligand by a different ligand 
(Frieden, 1970; Frieden, 1979; Neet and Ainsile, 1980). 
Therefore, this lag phase, before attaining steady-state
5activity, appears to represent a period of transition from 
an inhibited or less-active state to a more active one. 
Hysteretic enzymes, however, can exhibit an initial burst 
in activity as opposed to an initial lag. A number of 
hysteretic enzymes have been identified and their behavior 
investigated (Bearer and Neet, 1978a; Bearer and Neet, 
1978b; Yip and Rudolph, 1978; Badwey and Westhead, 1976; 
Shill and Neet, 1975; Hatfield et al^ . , 1970).
If the lag exhibited by PFK is not clearly treated 
as a separate entity, it can pose a complicating factor 
in the interpretation of kinetic results, particularly if 
the initial lag phase is taken to be the steady-state 
velocity. As the lag appears to be inherent in PFK, it 
is felt that this phenomenon should be investigated in 
greater detail. This repor.t describes the results of a 
detailed study of this effect.
Materials and Methods
Materials. PFK was extracted from rabbit muscle 
by the method of Ling et al. (1966) and stored in 0.1 M 
potassium phosphate buffer (pH 8.0) containing 1.0 mM 
EDTA and 1.0 mM dithiothreitol (DTT). Phosphoenol- 
pyruvate, ATP, NADH, D-fructose 6 -phosphate, D-fructose
1,6 -bisphosphate, ADP, AMP, DTT, bovine serum albumin,
6Tris, lactate dehydrogenase, pyruvate kinase, aldolase, 
triosephosphate isomerase, and a-glycerophosphate 
dehydrogenase were products of Sigma Chemical Company. 
Imidazole was obtained from Aldrich. Potassium chloride 
was a product of Baker, and MgCl 2 was a product of 
Matheson, Coleman, and Bell. All reagents were of high­
est grade obtainable. 2,5-Anhydro-D-glucitol 1,6 -bis­
phosphate and 2,5-anhydro-D-mannitol 1,6 -bisphosphate 
had been previously synthesized in this lab (Koerner et 
a l ., 1976). Fructose 2,6 -bisphosphate and 1,4-butanediol 
bisphosphate were synthesized as outlined in Chapter II.
Enzyme assay. PFK lag studies were carried out 
in one of three assay systems. System A--The reaction 
mixture of 1.0 ml contained in addition to the PFK to be 
assayed: 1.5 mM ATP, 1.0 mM citrate, 0.2 mM PEP, 50 mM
KC1, 4.0 mM MgCl2 , 0.2 mM EDTA, 1.0 mM DTT, 0.08 mM NA D H , 
2 0 units pyruvate kinase, 2 0 units lactate dehydrogenase, 
50 mM imidazole-Cl (pH 7.2), 0.2 mM fructose 6 -phosphate 
(except when it was the variable effector), and other 
effectors in varying concentrations. The lag in the 
reaction progress curve was usually more pronounced using 
this system.
System B— When assays were conducted at the non- 
allosteric pH of 7.8, the same conditions as given above
7prevailed, with the exception that 50 mM Tris-Cl (pH 7.8) 
was used instead of 50 mM imidazole-Cl. This system was 
used to assess the effect of pH on the lag phenomenon.
System C— Assays were carried out at pH 7.2 in 
imidazole-Cl buffer (50 mM) using as auxiliary enzymes 
aldolase (0.7 unit), triose phosphate isomerase (12 units), 
and a-glycerophosphate dehydrogenase (1 . 2 units) instead 
of pyruvate kinase-lactate dehydrogenase. Also included 
were 1.0 mM ATP, 0.1 mM citrate, 0.2 mM fructose 
6 -phosphate, 50 mM KC1, 4.0 mM MgC^f 0.2 mM EDTA, 1.0 mM 
DTT, 1.6 mM NADH, and varying concentrations of effectors. 
The total volume was 1.0 ml. This assay system prevented 
the build-up of fructose 1 ,6 -bisphosphate, an activator 
of PFK.
Prior to use all enzymes were dialyzed to remove 
ammonium ions. PFK was dialyzed against two changes of 
0.1 M Tris-PO^ (pH 8.0), containing 0.2 mM EDTA. Lactate 
dehydrogenase, pyruvate kinase, triose phosphate 
isomerase and a-glycerophosphate dehydrogenase were 
dialyzed against 0.25 M Tris-Cl (pH 7.8), 0.5 mM in EDTA. 
Irrespective of the assay system utilized, PFK was always 
diluted to the desired concentration on the day of use in 
50 mM Tris-PO^ (pH 8.0), containing 3.0 mM DTT and 0.01% 
bovine serum albumin.
8All components, minus the initiating reagent, 
were mixed in the cuvette and allowed to incubate for 
approximately 10 min at 28°C prior to initiation of the 
reaction. Enzyme and substrates were also maintained at 
2 8 °C. Maximal time from introduction of initiating 
reagent into the reaction mixture, mixing, and insertion 
into the spectrophotometer was 1 0 s.
The disappearance of NADH was followed at 340 nm
on a Gilford Model 250 spectrophotometer, equipped with
a recorder. The temperature was maintained at 28°C.
Enzyme activity was measured as change in optical density
per minute (AO.D./min). Protein concentrations were
determined by the procedure of Lowry et al. (1951) using
bovine serum albumin as the standard or by the method of
1%Parmegianni et ctL. (1966) using E2 7 g = 10.8.
Results
Initial observations. During routine assays in 
studies with rabbit muscle PFK, it was observed that 
under some conditions the reaction progress curve 
exhibited a lag; i.e., the rate of the reaction was not 
linear but increased over a period of minutes before 
maximal activity was attained. A schematic of this 
phenomenon is depicted in Figure 1-1. The lag period is 
defined as the time, in minutes, before the attainment of
9Figure 1-1. Lag period observed during routine 
assays of PFK. Initial velocity was not linear, but 
increased over a period of several minutes before maximal 
activity was achieved.
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maximal, steady-state velocity. In some cases, it 
appeared that the enzyme was essentially inactive before 
suddenly "switching on." The appearance and extent of 
the lag was dependent upon preincubation conditions of the 
enzyme and the manner of initiation of the reaction 
(Figure 1-2). When the enzyme was incubated for several 
minutes with ATP and the reaction initiated with fructose 
6 -phosphate, a noticeable lag was observed (curves C and 
D, Figure 1-2). The extent of the lag could be 
exaggerated by the presence of citrate in the incubation 
medium (compare, for example, curves C and D ) . In con­
trast, initiation of the reaction with enzyme resulted in 
no observable lag (curve A ) . When the enzyme was 
incubated with fructose 6 -phosphate and the reaction 
initiated with ATP, a slight burst in activity, but no 
lag, was noticed. The final velocity also varied with 
conditions of preincubation. The greatest rate was 
obtained when the enzyme had not been preincubated with 
any of the effectors, but was used to initiate the 
reaction. Comparable final rates were obtained when 
either ATP or fructose 6 -phosphate was the inititating 
reagent.
The presence of the inhibitor, citrate, in the 
reaction mixture had the effect of lengthening the lag 
and reducing the maximal velocity as was shown in
12
Figure 1-2. Reaction progress curves for PFK as 
a function of preincubation conditions. Assay system C 
was used. Enzyme concentration was approximately 0.76 
yg/ml. The concentrations of ATP (1.0 m M ) , citrate 
(0.10 m M ) , and fructose 6 -phosphate (0.20 mM) were the 
same throughout, unless otherwise specified. The com­
ponent used to initiate the reaction varied. A, reaction 
initiated with enzyme. B, reaction initiated with ATP,
C, reaction initiated with fructose 6 -phosphate. D, no 
citrate, reaction initiated with fructose 6 -phosphate.
34
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Figure 1-2. This is also concluded from data in 
Table 1-1. In the presence of citrate (1.0 mM) , the 
ratio of the initial, slow portion of the reaction pro­
gress curve (v^) to the final, fast portion (v^) is 0.057. 
In its absence, this value is 0.413. The apparent pseudo 
first order rate constants for the transitions were also 
markedly distinct, being 0.010 s ^ in the presence of 
citrate and 0.067 s ^ in its absence.
Table I- 
Effect of Citrate
■1
on Lag Phase
b c 
v i vf vi/vf
1/k
(min)
kd
(s-1)
+ Citrate 
(1.0 mM)
0. 004 0. 070 0.057 1.6 0.010
- Citrate 0.057 0.138 0.413 0.25 0.067
Assay system A was used, as described in 
Materials and Methods. Enzyme concentration in both cases 
was 0.5 pg P F K . The reaction was iniated with fructose 
6-phosphate in a final concentration of 0.20 mM.
Initial velocity (AO.D./min) of the slow portion 
of the reaction progress curve.
Final velocity (AO.D./min) of the fast, steady- 
state portion of the reaction progress curve.
Apparent rate constant for the transition between 
the slow phase and fast phase, determined from the inter­
section of the slope of the initial rate with that of the 
final rate. The value at this intersection is 1/k 
(Frieden, 1979).
15
Effect of enzyme concentration. Varying amounts 
of PFK were assayed under inhibitory conditions and the 
time required to attain maximal velocity determined. 
Figures 1-3 and 1-4 show that enzyme concentration had a 
pronounced effect on the length of the lag phase when 
measured at both pH 7.2 and 7.8. In both cases, increas­
ing enzyme concentration resulted in a diminution of the 
time required to achieve maximal activation. More enzyme 
was required at pH 7.2 (Figure 1-3) to obtain a 
discernible reaction rate as the lag was much greater at 
this pH than at pH 7.8 (Figure 1-4). For example, at
4.3 yg/ml PFK, pH 7.8, the lag period was approximately 
one minute, whereas at pH 7.2, the lag at this enzyme 
concentration was over 16 minutes. A lag of one minute 
was observed at approximately 11 pg/ml enzyme at pH 7.2.
At pH 7.2, enzyme activity showed positive cooperativity 
as a function of enzyme concentration. This 
cooperativity was not observed at pH 7.8 as the rate was 
linear over the range assayed.
Effect of fructose 6-phosphate concentration.
The family of curves given in Figures 1-5 and 1-6 attest 
to the magnitude of the lag and subsequent activation 
phase as a function of fructose 6-phosphate concentration. 
In all cases the initial velocity was very slow in com­
parison to the final velocity (Figure 1-5, Table 1-2).
16
Figure 1-3. Effect of enzyme concentration on 
the lag phase and activity of the PFK reaction at pH 7.2. 
Different enzyme concentrations were incubated with ATP 
(1.5 mM) and citrate (1.0 mM) in assay system A  for 
approximately 10 minutes before initiation of the reaction 
with addition of fructose 6-phosphate (0.2 m M ) . (+), lag
period; (D ) , activity. Curves were fitted visually.
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Figure 1-4. Effect of enzyme concentration on 
the lag phase and activity of the PFK reaction at pH 7.8. 
Different enzyme concentrations were incubated with ATP 
(1.5 mM) and citrate (1.0 mM) in assay system B for 
approximately 10 min before initiation of the reaction 
with addition of fructose 6-phosphate (0.20 m M ) . (A)/ lag
period; (Q), activity. Curves were fitted visually.
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Figure 1-5. Family of curves generated from the 
PFK reaction as a function of fructose 6-phosphate concen­
tration. Assay system A was used. Enzyme concentration 
was 4.33 yg/ml in all cases. The reaction was initiated 
with fructose 6-phosphate in the final concentrations 
shown. All curves were normalized to 1.0 O.D. A, 0.5 mM; 
B , 0.6 m M ; C , 0.7 m M ; D , 1.0 m M ; E, 1.5 m M ; F , 2.0 m M ;
G, 2.5 mM; H, 3.0 mM; I, 5.0 mM.
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Table 1-2
Effect of Fructose 6-Phosphate on the Lag Phase
[F 6-P] 
(mM)
bv . 
i
c
v f v i/vf
1/k
(min)
kd
(s-1)
0.5 0.004 0.211 0.019 4.75 0.0035
0.6 0.004 0.346 0.012 3.25 0.0051
0.7 0.005 0.493 0.010 2.56 0.0065
1.0 0.005 0.624 0.008 1.81 0.0092
1.5 0.023 0.923 0. 025 0.75 0.0222
2.0 0.040 0.924 0.043 0.50 0.0333
2.5 0.044 0.956 0.046 0.37 0.0444
3.0 0.030 1.120 0.027 0.31 0.0532
Assay system A was used, as described in Materials 
and Methods. Enzyme concentration was 4.33 yg/ml. The 
reaction was initiated with fructose 6-phosphate in the 
final concentrations shown.
Initial velocity (AO.D./min) of the slow portion 
of the reaction progress curve.
cFinal velocity (AO.D./min) of the fast, steady- 
state portion of the reaction progress curve.
^Apparent rate constants for the transition 
between the slow phase and the fast phase, determined 
from the intersection of the slope of the initial rate and 
that of the final rate. The value at this intersection is 
1/k (Frieden, 1979).
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Figure 1-6. Effect of fructose 6-phosphate on 
the lag phase and activity of PFK. Assay system A was 
used. Enzyme concentration was 4.33 yg/ml. The reaction 
was initiated with fructose 6-phosphate in the final 
concentrations shown. (O), lag phase; (&), activity. 
Curves were fitted visually.
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The sigmoidicity of the reaction rate generated by 
increasing fructose 6-phosphate concentration at pH 7.2 
is evident (Figure 1-6). Apparent rate constants for 
the hysteretic transition (Table 1-2) were calculated 
from the reaction progress curve by the procedure outlined 
by Frieden (1979). Initial velocity (v^) and final 
velocity (v^) were obtained from the linear portions of 
the reaction progress curve before and after the 
transition. The intersection of the lines representing 
the initial and final velocities is the reciprocal of the 
apparent rate constant, 1/k. Rate constants calculated 
in this manner are subject to large errors; however, a 
plot of rate constants vs fructose 6-phosphate concen­
tration gave a straight line over the non-sigmoidal 
portion of the fructose 6-phosphate saturation curve 
(Figure 1-7).
Effect of fructose 1,6-bisphosphate. Previous 
results seemed to indicate that product build-up might be 
a factor in lessening the lag phase in PFK, particularly 
in the abrupt "switching-on" after minutes of inactivity 
(refer to Figure 1-5). The conditions of the coupled 
assay procedure in assay system A would allow for the 
gradual build-up of fructose 1,6-bisphosphate. The 
effect of preincubation with fructose 1,6-bisphosphate
Figure 1-7. Plot of apparent rate constants vs 
fructose 6-phosphate concentration. Data were obtained 
from Table 1-2. Curve was fitted visually.
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on the lag phase of the reaction and enzyme activity at 
pH 7.2 and 7.8 is shown in Figures 1-8 and 1-9. It is 
obvious that preincubation with fructose 1,6-bisphosphate 
has a profound effect on the duration of the lag and the 
activity of the enzyme at both pH 7.2 and 7.8. At pH 7.8, 
approximately 3 yM fructose 1,6-bisphosphate gave a 50% 
reduction in the time of the lag phase, whereas the same 
degree of reduction was brought about by 8-9 yM fructose
1.6-bisphosphate at pH 7.2. At both pH values, fructose
1.6-bisphosphate increased the maximal catalytic activity 
over that seen without added fructose 1,6-bisphosphate. 
Under these conditions, half-activation constants for 
fructose 1,6-bisphosphate were estimated to be 3.5 yM and 
2.0 yM at pH 7.2 and 7.8, respectively. When PFK was pre­
incubated with approximately 5 units of aldolase in the 
absence of added fructose 1,6-bisphosphate, no discernible 
rate was obtained, even after as much as 30 min. The 
aldolase hydrolyzed any fructose 1,6-bisphosphate as it 
was being made by the reaction. It is apparent that 
fructose 1,6-bisphosphate produced in the reaction is 
crucial to PFK activity under these conditions.
Effect of fructose 1,6-bisphosphate analogues.
The PFK reaction produces the B-anomer of fructose 1,6- 
bisphosphate (Koerner et al . , 1974). In light of the 
results with fructose 1,6-bisphosphate, it was deemed
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Figure 1-8. Effect of fructose 1,6-bisphosphate 
on the lag phase and activity of PFK at pH 7.2. PFK 
concentration was 4.33 yg/ml. Enzyme was incubated with 
fructose 1,6-bisphosphate in the concentrations shown in 
assay system A for approximately 10 m i n . The reaction 
was initiated with fructose 6-phosphate to a final con­
centration of 0.20 mM. Curves were fitted visually.
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Figure 1-9. Effect of fructose 1,6-bisphosphate 
on the lag phase and activity of PFK at pH 7.8. PFK 
concentration was 2.16 yg/ml. Enzyme was incubated with 
fructose 1,6-bisphosphate in the concentrations shown in 
assay system B for approximately 10 min. The reaction 
was initiated with fructose 6-phosphate to a final con­
centration of 0.20 mM. Curves were fitted visually.
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feasible to ascertain which anomer of fructose 1,6- 
bisphosphate was responsible for diminishing the lag and 
activating the enzyme. 2,5-Anhydro-D-glucitol 1,6-bis- 
phosphate (analogue of the a-anomer) and 2,5-anhydro-D- 
mannitol 1,6-bisphosphate (analogue of the g-anomer) were 
used in this undertaking. Both compounds were equally 
effective in obviating the lag at pH 7.2 (Figure 1-10) 
and 7.8 (Figure 1-11). A  concentration of approximately 
15 yM of either analogue was effective in reducing the 
lag phase by 50%. This indicates the process of 
diminishing the lag period is not anomerically specific. 
However, the activation of PFK beyond the lag period does 
appear to be anomerically specific, since only the 
analogue of the a-anomer, 2,5-anhydro-D-glucitol 1,6-bis­
phosphate, activated PFK under the experimental conditions 
used. 2,5-Anhydro-D-mannitol 1,6-bisphosphate had a slight 
inhibitory effect on the catalytic activity of the enzyme.
Effect of other modulators. To evaluate the 
effect of other modulators on the lag phase in the absence 
of any build-up of fructose 1,6-bisphosphate, studies 
were carried out using assay system C. This system 
couples the destruction by aldolase of the fructose 1,6- 
bisphosphate produced in the reaction to the oxidation of 
NADH resulting from the action of triose phosphate
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Figure 1-10. Effect of fructose 1,6-bisphosphate 
analogues on the lag phase and activity of PFK at pH 7.2. 
PFK concentration was 2.71 yg/ml. Enzyme was incubated 
with analogues in the concentrations shown in assay 
system A for approximately 10 m i n . The reaction was 
initiated with fructose 6-phosphate to a final concen­
tration of 0.20 mM. Curves were fitted visually.
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Figure 1-11. Effect of fructose 1, 6-bisphosphate 
analogues on the lag phase and activity of PFK at pH 7.8. 
PFK concentration was 1.55 yg/ml. Enzyme was incubated 
with analogues in the concentration shown in assay system 
B for approximately 10 min. The reaction was 
initiated with fructose 6-phosphate to a final concen­
tration of 0.2 mM. Curves were fitted visually.
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isomerase and a-glycerophosphate dehydrogenase. The 
modulators used and their effect on the lag phase are 
summarized in Table 1-3. All the modulators tested were 
effective in decreasing the lag (though to varying 
degrees), as seen from a comparison of the ratio of 
initial velocity to final velocity (v^/v^). In the 
absence of any effectors, v^/v f averaged 0.103. Both 
bisphosphate compounds tested, fructose 2,6-bisphosphate 
and 1,4-butanediol bisphosphate, not only increased the 
v^/v^ ratio, but increased the final velocity as well. 
AMP, ADP, NH^+ and P^ decreased the lag, but were not 
effective in increasing the final velocity.
Discussion
Frieden (1970) postulated the concept of 
hysteretic enzymes, enzymes which he defined as exhibit­
ing a slow response to rapid changes in ligand concen­
tration. The results presented here illustrate the 
hysteretic nature of PFK and the effect of various 
modulators on antagonizing this hysteretic transition. 
The presence of citrate in the incubation medium was 
shown to exacerbate the lag, though the same phenomenon 
is shown in its absence, albeit to a lesser degree.
Frieden (1970; 1979) and Neet and Ainsile (1980) 
proposed three mechanisms which could account for
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Table 1-3
Effect of Preincubation with Various Effectors 
on the Lag Phasea
Effector bv . 
i
c
v f vi/vf
1/k
(min)
kd
(s~l)
No effector 0. 030 0.290 0.103 1.03 0.016
1 mM NH4+ 0.102 0.276 0.370 0.60 0.028
0.5 mM AMP 0.151 0.263 0.574 0.35 0.048
0.5 mM ADP 0.130 0.253 0.514 0.40 0.042
1 mM Pi 0. 065 0.242 0.269 0.80 0.021
n h 4+ , AMP 
ADP, Pi 0.107 0.208 0.514 0.58 0.029
Fructose 2,6- 
bisphosphate
0.5 yM 0. 060 0.360 0.167 0.72 0.023
soi—i 0. 098 0.335 0.294 0.65 0.025
2.5 yM 0.240 0.340 0.706 0.50 0.033
5.0 yM 0. 230 0.362 0.635 0.30 0.056
10.0 yM 0. 244 0. 397 0.615 0.30 0.056
1,4-Butanediol 
bisphosphate
2. 5 yM 0. 132 0.287 0.400 0.60 0.028
5. 0 yM 0.117 0.296 0.395 0.65 0.027
£oo
 
«—1 0. 150 0.320 0.469 0.55 0.030
25.0 yM 0.161 0.305 0.525 0.50 0.033
50.0 yM 0.185 0.334 0.554 0.45 0.037
No citrate, 
no added 
effector 0.152 0.283 0.537 0.45 0.037
Assay system C was used, as described in 
Materials and Methods. Enzyme concentration was 0.76 yg 
PFK. Citrate concentration was 0.1 mM. The reaction was
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initiated with fructose 6-phosphate in a final concen­
tration of 0.20 mM. The enzyme was incubated with the 
components shown for approximately 5 min. before 
initiation of the reaction.
Initial velocity (AO.D./min) of the slow 
portion of the reaction progress curve.
Final velocity (AO.D./min) of the fast, steady 
state portion of the reaction progress curve.
Apparent rate constant for the transition between 
the slow phase and fast phase, determined from the inter­
section of the slope of the initial rate with that of the 
final rate. The value at-this intersection is 1/k 
(Frieden, 1979) .
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hysteretic behavior: enzyme polymerization-depolymeri-
zation; displacement of a tightly bound ligand by another 
ligand; or isomerization (conformational change in the 
enzyme). While each of the mechanisms appears distinct, 
their possible interrelatedness can be shown by the pro­
posed nature of the hysteretic behavior observed in PFK.
PFK is well characterized as undergoing reversible 
association-dissociation that is dependent upon pH (Bock 
and Frieden, 1976), concentration (Pavelich and Hammes, 
1973; Aaronson and Frieden, 1972; Hofer, 1971), or nature 
of the bound ligand (Lad ei: al_. , 1973) . Thus at 
concentrations below 0.15 mg/ml, PFK shows a rapid loss 
in specific activity and decrease in Stokes' radius, 
indicating depolymerization of the enzyme into inactive 
dimers (Lad et a l . , 1973). When PFK is subjected to 
mildly acidic conditions (approximately pH 6.0), the 
enzyme also shows dissociation to inactive species 
(presumed to be monomers and dimers) (Bock and Frieden, 
1976; Bloxham and Lardy, 1973). While aggregation to 
active tetramers with increasing enzyme concentration 
could explain the observation that increasing enzyme con­
centration did result in a diminution of the lag (Figures 
1-3 and 1-4), this model does not fully satisfy other 
results. In no case was the pH low enough to result 
in pH-induced dissociation. However, even had this been
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the case, similar results were obtained at both pH 7.2 
and 7.8, indicating that pH was not a factor in results 
obtained.
The possibility of ligand-induce polymerization, 
however, is an attractive possibility. Lad et al.
(1973) have shown that citrate stabilized smaller 
aggregates, most probably monomers and dimers, with a 
Stokes' radius of 37 A, while fructose 6-phosphate and 
fructose 1,6-bisphosphate stabilize a tetramer with a 
Stokes' radius of 67 A. Addition of fructose 6-phosphate 
(0.6-10.0 mM) to citrate-bound enzyme results in the 
enzyme being transformed from smaller aggregates to a 
fully active aggregate with Stokes' radius idential to 
that found at fructose 6-phosphate concentrations in the 
absence of citrate (Lad et al., 1973). The of citrate 
binding to PFK is 20 yM (Colombo et al^ . , 1975) . As such 
it is tightly bound and its dissociation would be 
relatively slow. Binding of fructose 6-phosphate to the 
enzyme could result in the slow displacement of citrate; 
hence, the lag seen when an enzyme reaction mixture pre­
incubated with citrate is initiated with fructose 6- 
phosphate.
Other PFK modulators such as AMP and P^ stabilize 
aggregates with intermediate Stokes' radii (Lad et al., 
1973). Both compounds were shown effective in reducing
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the lag phase of the reaction, but were ineffective in 
enhancing enzyme activity under these conditions 
(Table 1-3) .
Although the fructose 6-phosphate-induced 
hysteretic mechanism is indeed attractive, it does not 
address the results of data which implicate fructose 1,6- 
bisphosphate as the most plausible ligand in any ligand- 
induced mechanism. Fructose 1,6-bisphosphate stabilizes 
the tetrameric form of the enzyme (Lad et ajL. , 1973) and 
is effective in reducing the lag period when added to 
the preincubation mixture.
Emerk and Frieden (1975) observed a non-linear 
progress curve when PFK was assayed without added 
fructose 1,6-bisphosphate using the pyruvate kinase- 
lactate dehydrogenase coupled assay system at allosteric 
pH. (This coupled assay system would allow the gradual 
build-up of fructose 1,6-bisphosphate.) Further, they 
reported that in the presence of added fructose 1,6-bis- 
phosphate (0.5 m M ) , the progress curve was linear. 
Addition of fructose 1,6-bisphosphate resulted in con­
siderable reduction in velocity, though the progress 
curve was still linear. This is in accord with results 
reported here and those of Hood and Holloway (1976).
The build-up of fructose 1,6-bisphosphate to some 
critical level could be responsible for the sudden
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"switching-on" of the reaction after minutes of seeming 
inactivity. From an analysis of the reaction progress 
curve in Figure 1-5 (at 0.5 mM fructose 6-phosphate), 
only approximately 0.2 ymole of fructose 1,6-bisphosphate 
had been formed when the transition begins.
Additional credence is given to the fructose 
1,6-bisphosphate-induced model from the results of the 
effectiveness of other bisphosphates in lessening the 
lag phase, under conditions where fructose 1,6-bisphos­
phate build-up should not be a complicating factor. Both 
analogues of the a- and B-anomers of fructose 1,6-bis­
phosphate (2,5-anhydro-D-glucitol 1,6-bisphosphate and
2,5-anhydro-D-mannitol 1,6-bisphosphate, respectively) 
were quite effective in reducing the severity of the lag, 
though only the a-anomer showed activation of steady state 
under these conditions. Fructose 2,6-bisphosphate and
1,4-butanediol bisphosphate, both of which are 
potent activators of PFK (refer to Chapter II), were 
also effective in reducing the lag phase of the reaction.
While both anomers of fructose 1,6-bisphosphate 
were equally effective in obviating the lag, anomeric 
specificity was a factor in the activation process.
Only 2,5-anhydro-D-glucitol 1,6-bisphosphate (analogue 
of the a-anomer) was effective in activating the enzyme 
under the experimental condition employed here.
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Separation of activation and ability to lessen the lag 
was also noted with other modulators of PFK. We have 
observed that AMP, ADP, NH^+ and P^ all decreased the 
lag, but had no activating effect on the enzyme. It 
thus appears that there are two distinct processes 
operative here— reducing the hysteretic transition and 
activation of the enzyme. This would indicate the presence 
of more than two states of the enzyme— an inhibited and an 
active one. These results argue for a.state of inter­
mediate activity, one no longer subjected to hysteresis, 
yet not fully active.
It should be reiterated here that the hysteretic 
phenomenon is evident also in the absence of added 
citrate. Citrate in the incubation mixture results in a 
more pronounced lag. The hysteresis noted in the 
absence of citrate could be mediated via the same 
mechanism(s), though the inhibitory ligand in this case 
would most logically be ATP. Yet, while it is an 
allosteric inhibitor of PFK at higher concentrations,
ATP binding does not lead to depolymerization of the 
enzyme. On the contrary, ATP stabilized high molecular 
weight aggregates with a Stokes' radius of 65 A (Lad 
et al., 1973) , indicating a mode of inhibition different 
from citrate.
Chapter II
BISPHOSPHATE ACTIVATION OF PHOSPHOFRUCTOKINASE 
Introduction
The discovery of fructose 2,6-bisphosphate as an 
activator of phosphofructokinase (Van Schaftingen et a_l. , 
1980a, 1980b; Claus et al. , 1981; Uyeda et_ ajL. , 1981) 
opened new avenues in research on PFK. Two other hexose 
bisphosphates— fructose 1,6-bisphosphate and glucose
1,6-bisphosphate— had previously been established as PFK 
activators. The potency of the fructose 2,6-bisphosphate 
activation (Van Schaftingen et al., 1980a; Pilkis et al . , 
1981a) argued for a highly specific allosteric bis­
phosphate binding site(s).
Fructose 2,6-bisphosphate was discovered by 
workers investigating the effect of glucagon on hepatic 
PFK (Van Schaftingen et ad., 1980a). The decrease in PFK 
activity upon treatment of hepatocytes with glucagon was 
initially ascribed to be a result of phosphorylation of 
PFK by cyclic AMP-dependent protein kinase (Castano ei: 
al . , 1979; Kagimoto and Uyeda, 1979, 1980; Claus et a l ., 
1980) .
Fructose 2,6-bisphosphate has been shown to be 
extremely acid labile, with acid hydrolysis leading to
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the production of equimolar amounts of fructose 
6-phosphate and inorganic phosphate, with an accompanying 
decrease in ability to stimulate PFK activity (Van 
Schaftingen et al., 19 81b). NMR analyses of the compound 
indicate that its structure is that of the 6 configura­
tion (Pilkis et al. , 1981b; Uyeda et al., 1981; 
Hesbain-Frisque et al . , 1981).
Fructose 2,6-bisphosphate is widely distributed 
in mammalian tissues, yeast, and plants. All animal 
PFK's are activated by fructose 2,6-bisphosphate (Hers 
et a l ., 1982), as well as yeast PFK (Hers and Van 
Schaftingen, 19 82) and the pyrophosphate dependent PFK 
from plants (Sabularse and Anderson, 1981). The only 
other enzyme on which fructose 2,6-bisphosphate has been 
shown to have any direct effect is on the inhibition of 
fructose 1,6-bisphosphatase (Van Schaftingen and Hers, 
1981b; Pilkis et al. , 1981b). Fructose 2,6-bisphosphate 
relieves inhibition of PFK by ATP and increases enzyme 
affinity for fructose 6-phosphate. It is effective at 
concentrations lower than micromolar (Van Schaftingen 
et a l . , 1981a) .
In vivo, fructose 2,6-bisphosphate is synthesized 
from fructose 6-phosphate and ATP, catalyzed by the 
enzyme fructose 6-phosphate 2-kinase (El-Maghrabi et al., 
1981; Furuya and Uyeda, 1981). Further, this enzyme
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appears to exhibit absolute specificity, in that neither 
fructose 1-phosphate nor fructose 1,6-bisphosphate are 
substrates (Uyeda et a^ L. , 1982) .
Analogues of substrates, inhibitors and 
activators have enjoyed widespread utility as probes of 
active and regulatory sites of a number of enzymes 
(Fishbein et a l ., 1975; Wurster et al . , 1976; Koerner 
et al. , 1974; Koerner et ad., 1976). More specifically, 
structural analogues of fructose bisphosphate have been 
used by Hartman and Barker (1965) and Ogata et al. (1983) 
in exploring the active site of aldolase, and by our 
group in looking at the regulation of fructose 1,6-bis- 
phosphatase (Kelley and Younathan, unpublished results).
In this work, a number of fructose bisphosphate 
analogues were synthesized chemically and used to explore 
the structural specificity of the bisphosphate binding 
site(s) of PFK. Activation constants (K ) and ability
a
to protect against citrate inhibition were determined.
Materials and Methods
Materials. PKF was isolated from rabbit muscle 
by the method of Ling et a^. (1966) as stored as a stable
preparation in 0.1 M potassium phosphate buffer (pH 8.0), 
containing 0.2 mM EDTA and ammonium sulfate. Prior to 
use the enzyme was dialyzed against 0.1 M Tris-PO^
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(pH 8.0), containing 0.2 mM EDTA to remove ammonium ions, 
which have been shown to activate PFK (Abrahams and 
Younathan, 1973). On the day of use, dialyzed PFK was 
diluted with a solution of 50 mM Tris-PQ^ (pH 8.0), 
containing 1 mM EDTA, 3 mM DTT and 0.01% bovine serum 
albumin.
Rabbit muscle aldolase and a-glycerophosphate 
dehydrogenase-triose phosphate isomerase mixture were 
obtained from Sigma. These enzymes were dialyzed over­
night against two changes of 0.25 M Tris-Cl (pH 7.8),
0.5 mM in EDAT before use. ATP, NADH, D-fructose 6- 
phosphate, D-fructose 1,6-bisphosphate, Tris, Hepes and 
methylene disphosphoric acid were all products of Sigma 
Chemical Company. Diphenyl chlorophosphate, a product 
of Aldrich Chemical Company, was reagent grade. Reagent 
grade pyridine was obtained from Aldrich Chemical Company 
and was dried over molecular sieves prior to use. Diols 
were of reagent quality and were used without further 
purification. was a Pro^uct °f Ventron.
1,2-Ethanediol bisphosphate, 1,3-propanediol bis­
phosphate, 1,4-butanediol bisphosphate, 1,5-pentanediol 
bisphosphate, 1,6-hexanediol bisphosphate, hexitol-1,6- 
bisphosphate, 1,7-heptanediol bisphosphate, 1,8-octane- 
diol bisphosphate, 1,9-nonanediol bisphosphate, 
diethylene glycol bisphosphate, triethylene glycol
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bisphosphate and fructose 2,6-bisphosphate were 
synthesized in this laboratory by R. J. Voll, V. A.
Guillot and the author by the procedures described below.
2,5-Anhydro-D-mannitol 1,6-bisphosphate and 2,5-anhydro- 
D-glucitol 1,6-bisphosphate had previously been synthe­
sized in this laboratory (Koerner et al., 1977).
Purity of the synthesized compounds was deter­
mined by NMR and thin layer chromatography. TLC was 
performed on plastic plates coated with Merck Silica Gel 
F-254. NMR spectra were recorded on a Bruker WP 200 
nuclear magnetic spectrometer by R. J. Voll, operating 
at 200 MHz for and 50 MHz for ^ C .
Synthesis of bisphosphate analogues. With two 
exceptions, the bisphosphate analogues were synthesized 
by the method of Hartman and Barker (1965) as shown in 
Figure II-l. An indepth outline of the synthesis of one 
of the compounds, 1,9-nonanediol bisphosphate, is 
described as an example.
To 15 ml dry pyridine at 0°C was added 727 mg 
(4.4 mmol) of 1,9-nonanediol. The solution was cooled and 
diphenyl chlorophosphate added with stirring (4.0 ml,
17.8 mmol). The mixture was allowed to react at room 
temperature for approximately 12 h, after which the 
reaction mixture was cooled and ice added to hydrolyze
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Figure II-l. Outline of synthesis of bisphosphate 
analogues, for 0 ^ n ^ 7.
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excess reagent. The mixture was stirred for an addi­
tional 30 min, then extracted with methylene chloride 
(100 m l ) .
The methylene chloride extract was washed with 
cold 1.0 N (four, 50-ml portions) until the aqueous
phase maintained an acidic pH. The extract was further 
washed with cold saturated NaHCO^ (200 ml) and water 
(200 ml). The organic layer was dried over sodium sulfate, 
filtered, and concentrated under vacuum to a syrup. TLC 
of the syrup in diethyl ether showed the presence of one 
spot migrating differently from starting material.
Catalytic hydrogenation was carried out at room 
temperature in a Parr series 3910 hydrogenation apparatus. 
A portion of the syrup (1,9-bis-O-diphenylphosphoryl- 
nonanediol, 1.40 g, 2.23 mmol) was taken up in methanol 
(100 ml) and hydrogenated over platinum oxide (0.113 g ) . 
Hydrogenation was continued until no further uptake of 
hydrogen gas was observed.
The catalyst was removed by filtration. Addition
of excess cyclohexylamine to the reaction mixture and
concentration afforded a white solid. This material was
recrystallized from water-acetone to yield a pure product
13
as determined by C NMR.
Triethylene glycol bisphosphate and dietheylene 
glycol bisphosphate were synthesized in an analogous
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manner with triethylene glycol and diethylene glycol as 
starting reagents in each case.
Synthesis of hexitol-1,6-bisphosphate. Hexitol-
1,6-bisphosphate was synthesized from the borohydride 
reduction of fructose 1,6-bisphosphate (Ginsburg and 
Mehler, 1966). To a cold solution (0°C) of 2.0 g 
(3.5 mmol) of fructose 1,6-bisphosphate in 20 ml of water 
was added slowly a 12-fold molar excess of NaBH^ (1.62 g, 
42 mmol). The mixture was allowed to react in the cold 
for approximately 72 h. The resulting solution was 
treated with 100 ml Dowex-50 (H+ form) to remove sodium 
ions. The resin was removed by filtration and the 
solution concentrated under vacuum. Alternate addition 
of methanol and evaporation (four times) resulted in the 
removal of boric acid. The product was dissolved in 
water; cyclohexylamine was added in excess (pH approxi­
mately 12). The white powder which resulted was an 
equimolar mixture of two hexitol-1,6-bisphosphates, 
namely glucitol-1,6-bisphosphate and mannitol-1,6-bis­
phosphate as shown by NMR. Yield was 77% (2.02 g) .
Subsequent analysis of the mixture revealed that 
aldolase (a part of the coupled enzyme system) was active 
toward some component of the mixture. This indicated the 
presence of unreacted starting material, fructose
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1.6-bisphosphate, as the completely reduced compound is 
not a substrate for aldolase. An enzymatic procedure was 
utilized to rid the hexitol-1,6-bisphosphate mixture of 
unreacted fructose 1,6-bisphosphate.
A sample of the hexitol-1,6-bisphosphate mixture 
(1.05 g, 1.4 mmol) was reacted with excess aldolase 
(approximately 128 units) in 0.25 M Tris-Cl (pH 7.4) in 
a final volume of 30 ml. The reaction was allowed to 
proceed for 24 h at 2 8°C. The solution was diluted 1:2 
with water (90 ml total volume) and applied to a Dowex
1-X8 ion-exchange column (Cl- form). The column was 
developed with a NaCl gradient (0.1-0.4 M ) . The eluent 
was assayed for acid-revealed inorganic phosphate (Cooper, 
1977) and PFK-activating ability. Column fractions which 
showed PFK activating ability exhibited no activity with 
aldolase. Pooled fractions were treated with Dowex 50 
(H+ form) to remove sodium ions. Cyclohexylamine was 
added to the resulting acidic solution (pH 2) until the 
pH was approximately 14. The solution was concentrated 
to dryness under vacuum, yielding hexitol-1,6-bisphosphate. 
Yield was 15%.
Synthesis of fructose 2,6-bisphosphate. Fructose
2.6-bisphosphate was synthesized from fructose 1,6-bis­
phosphate by intramolecular cyclization followed by
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alkaline hydrolysis as described by Van Schaftingen and 
Hers (1981). Hydrolysis of the intermediate cyclic 
diester resulted in the formation of both fructose 2,6- 
bisphosphate and fructose 1,6-bisphosphate. Treatment 
of this mixture with fructose 1,6-bisphosphatase led to 
the hydrolyses of fructose 1,6-bisphosphate, yielding 
fructose 6-phosphate and inorganic phosphate. Fructose
2,6-bisphosphate was separated from the mixture by ion 
exchange chromatography on Dowex 1-X10 with a NaCl gradi­
ent. The reaction sequence involved in the preparation of 
fructose 2,6-bisphosphate is shown in Figure II-2.
Enzymatic assay. For evaluation of PFK activating 
ability a system which used an inhibitory level of ATP at 
pH 7.2 was employed. Each cuvette contained in a total 
volume of 1.0 ml, 50 mM Hepes buffer (pH 7.2), 50 mM KC1, 
4.0 mM MgCl2 , 0.2 mM EDTA, 0.16 mM NADH, 1.0 mM ATP,
0.25 mM fructose 6-phosphate, 1.0 mM DTT, 3.33 units of 
aldolase, 5.8 units of triose phosphate isomerase-a- 
glycerophosphate dehydrogenase, approximately 0.7 pg PFK, 
and 1.0 mM of the compound to be tested. The amount of 
auxiliary coupling enzymes present was in large excess to 
avoid being rate limiting and because some of the bisphos­
phate analogues had been shown to be inhibitors of 
aldolase (Hartman and Barker, 1965). The reaction was 
initiated with fructose 6-phosphate.
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Figure II-2. Reactions involved in the synthesis 
of fructose 2,6-bisphosphate.
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Those compounds which showed an enhancement in 
activity above that seen in their absence were considered 
as activators of PFK. Conditions were chosen such that 
the velocity of the reaction in the absence of any acti­
vating substance was zero. Compounds which did not show 
PFK activation were tested at levels up to 5.0 mM.
The system used to determine activation con­
stants was essentially that given above with the exception 
that the concentration of activator varied. The activa­
tion constant ( K ;  Atkinson, 1966) is defined as that con-
a
centration of modifier which gives half-maximal activation 
at a specified substrate concentration. The substrate 
concentration used in all assays was 0.25 mM fructose 
6-phosphate.
Enzymatic activity was measured as the decrease 
in absorbance of NADH at 34 0 nm on a Gilford Model 250 
spectrophotometer equipped with a recording attachment, 
and thermostatically controlled to a temperature of 28°C. 
Most enzymatic rates were reported as change in optical 
density per min (AO.D./min). In some cases velocity was 
defined as units of specific activity--the amount of 
enzyme in mg that catalyzes the production of 1.0 nmol 
of fructose 1,6-bisphosphate per min at pH 7.2 and 28°C. 
The conversion from AO.D./min to specific activity was 
calculated by:
specific activity = {i0~D ■/mln>7 < « c°n c '' -rog/rol>■
Data processing. Activation constants and V  *---------- ^ max
were estimated using the "HYPERBOLIC" program in the 
PROPHET system (Johnson, 1979), which is based on a 
weighted least squares analysis of the data (Cleland, 
1967) .
Other methods. Phosphoglucose isomerase (PGI) 
was assayed by the procedure of Zalitis and Oliver 
(1967). The reaction mixture contained in a total 
volume of 1.0 ml: varied concentration of fructose 6-
phosphate, 1.0 mM NADP, 5.0 mM MgSO^, 100 mM Tris-Cl 
(pH 7.4), 5 units glucose 6-phosphate dehydrogenase, 
0.019 unit PGI, and either 10 mM fructose 1,6-bisphos­
phate, 10 mM fructose 1-phosphate or 0.34 mM fructose
2,6-bisphosphate as required. The reaction was carried 
out at 28°C.
L-type pyruvate kinase was assayed as outlined 
by Flory et al. (1974). The reaction mixture contained 
in a total volume of 1.0 ml: varied concentration of
PEP, 1.25 mM ADP, 0.16 mM NADH, 8.0 mM MgSC>4 , 5.0 mM
2-mercaptoethanol, 150 mM KC1, 5.0 mM potassium 
phosphate (pH 7.5), 25 units lactate dehydrogenase, 0.11 
unit pyruvate kinase, and either 1.0 mM fructose 1,6- 
bisphosphate or 15 uM fructose 2,6-bisphosphate.
The concentration of fructose 2,6-bisphosphate 
was determined enzymatically after treatment with 1 N 
HC1. Complete acid hydrolysis of fructose 2,6-bisphos­
phate yields fructose 6-phosphate and inorganic phos­
phate in equimolar concentrations. Hence, the amount 
of fructose 6-phosphate present is a direct measure of 
fructose 2,6-bisphosphate concentration. The sample to 
be analyzed was treated with 1 N HC1 for 30 min, 
neutralized with NaOH and assayed for fructose 6-phos­
phate enzymatically using the method of Zalitis and 
Oliver (1967) as outlined above. No fructose 1,6-bis­
phosphate, fructose 1-phosphate, or fructose 2,6-bis­
phosphate was included in the assay medium. An aliquot 
of the hydrolysis mixture (50 yl) was used as the source 
of fructose 6-phosphate.
Sodium chloride concentration was estimated 
using conductivity measurements of column fractions.
Results
Ion exchange chromatogram used in the 
preparation of fructose 2,6-bisphosphate is shown in 
Figure II-3. The efficacy of the separation can be 
seen in that PFK-activating ability overlapped almost 
perfectly with those fractions characterized as having 
acid-revealed inorganic phosphate (an indirect measure
Figure II-3. Ion-exchange chromatogram of 
fructose 2,6-bisphosphate separation. (+), NaCl 
gradient; (A), acid-revealed inorganic phosphate; (c
v 0 .25//Vmax*
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o f  t h e  p r e s e n c e  o f  f r u c t o s e  2 , 6 - b i s p h o s p h a t e ) . F r a c t i o n s  
f r o m  t h i s  c o l u m n  w e r e  p o o l e d ,  d i l u t e d  a n d  r e c h r o m a t o ­
g r a p h e d  i n  t h e  s a m e  m a n n e r  ( r e s u l t s  n o t  s h o w n ) . T h e  
p o o l e d  f r a c t i o n  f r o m  t h e  s e c o n d  c o lu m n  w a s  t h e  s o u r c e  o f  
f r u c t o s e  2 , 6 - b i s p h o s p h a t e  u s e d  i n  t h i s  s t u d y .
Of the compounds tested for their ability to 
activate ATP-inhibited P F K , nine showed such ability to 
varying degrees. The structures of the compounds found 
to be activators of PFK are shown in Figure II-4. The 
activation constants of the compounds at 0.25 mM fructose 
6-phosphate were estimated (Table II-l). Activation 
curves for the five most effective bisphosphate compounds 
are shown in Figure II-5 - Figure II-9. Compounds which 
were found most effective in activating PFK include, 
in decreasing order of effectiveness, fructose 2,6-bis- 
phosphate, 2,5-anhydro-D-mannitol 1,6-bisphosphate,
1.4-butanediol bisphosphate, hexitol-1,6-bisphosphate, 
and 2,5-anhydro-D-glucitol 1,6-bisphosphate.
The effect of fructose 2,6-bisphosphate and
1.4-butanediol bisphosphate on citrate inhibition of 
PFK is illustrated in Figures 11-10 and 11-11. Both 
compounds were shown to provide a measure of protection 
from citrate inhibition.
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Figure II-4. Structures of bisphosphate com­
pounds which were shown to be activators of PFK.
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Table II-l. Compounds tested as activators of ATP-inhibited PFK
Compound Ka(M)
Distance3 (A) 
Max. Min.
Fructose 2,6-bisphosphate 1.2±0.2 x 10 7 9.0 6.2
2.5-Anhydro-D-glucitol
1.6-bisphosphate 4.7±0.8 x
in1orH 10.0 6.2
2.5-Anhydro-D-mannitol
1.6-bisphosphate 2.9±0.3 x IQ"6 10.2 6.2
Inorganic phosphate No act.b
Methylene diphosphonic 
acid No act.
1,2-Ethanediol 
bisphosphate >3.5 x 10'-3C 7.0 6.2
1,3-Propanediol 
bisphosphate 2.711.1 x 10-4 8.2 6.2
1,4-Butanediol 
bisphosphate 6.5510.84 x 10-6 9.4 6.2
1,5-Petanediol 
bisphosphate 1.06+0.35 x 10“3 10.6 6.2
1,6-Hexanediol 
bisphosphate >4.0 x 10'-3C 11.8 6.2
Hexitol 1,6-bisphosphate 4.0 + 0.9 x io-5 11.8 6.2
1,7-Heptanediol 
bisphosphate No act. 13.0 6.2
Table II-l, continued
Compound Ka
(M)
Distance3 (A) 
Max. Min.
1,8-0ctanediol
bisphosphate No act. 14.2 6.2
1,9-Nonanediol 
bisphosphate No act. 15.4 6.2
Diethylene glycol 
bisphosphate 5.0 1.8 x 10“4 10.6 6.2
Triethylene glycol 
bisphosphate No. act.
aMaximal distance between phosphorus atoms measured on 
Drieding models. Minimal distance between phosphorus atoms was 
determined based on the P-0 bond length and the van der Waal's 
radii of the two oxygen atoms.
No activation shown under these conditions.
Q
Value estimated from visual interpretation of double­
reciprocal plots (Lineweaver-Burke, 1934).
Figure II-5. Dose response
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Figure II-8. Dose response curve of 2,5-anhydro- 
D-glucitol 1,6-bisphosphate activation of PFK. Assay was 
as detailed in Materials and Methods. Inset, double­
reciprocal plot used to determine K .a
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Figure II-9. Dose response curve of hexitol
1,6-bisphosphate activation of PFK. Assay was as 
detailed in Materials and Methods, Inset, double­
reciprocal plot used to determine K .
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Figure 11-10. Effect of fructose 2,6-bisphosphate 
on citrate inhibition of PFK. Assay was carried out as 
detailed in Materials and Methods, with the exception that 
[ATP] was 0.5 mM and [fructose 6-phosphate] was 0.5 mM. 
Enzyme concentration was 0.7 yg/ml. (□), no activator;
(A), 1.5 nM fructose 2,6-bisphosphate; (o) 15 nM fructose
2,6-bisphosphate.
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Figure 11-11. Effect of 1,4-butanediol bisphos­
phate on citrate inhibition of PFK. Assay was carried out 
as detailed in Materials and Methods, with the exception 
that [ATP] was 0.5 mM and [fructose 6-phosphate] was 
0.5 mM. Enzyme concentration was 0.7 yg/ml. (□), no 
activator; (o), 50 yM 1,4-butanediol bisphosphate.
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Fructose 2,6-bisphosphate was assayed for its
effect on PFK kinetics in the presence of non-inhibitory
levels of ATP. As shown in Figure 11-12, fructose 2,6-
bisphosphate can activate the enzyme even in the absence
of inhibitory levels of ATP. The apparent affinities
for ATP were found to be similar in the absence and
presence of fructose 2,6-bisphosphate (1.5 nM) (8.8±2.3
pM in its absence and 12.4 ± 2.8 pM in its presence).
There was, however, a 5-fold enhancement in V , in themax
presence of fructose 2,6-bisphosphate. When ITP was the
phosphoryl donor, instead of ATP, similar results were
obtained (Figure 11-13). The Km for ITP in the presence
of 1.5 nM fructose 2,6-bisphosphate was 0.132 ±0.031 mM,
compared with 0.084 ±0.019 mM in its absence. The
activating effect of fructose 2,6-bisphosphate was
observed on V , with a 4-fold enhancement of V _ in max max
the presence of fructose 2,6-bisphosphate.
Fructose 1,6-bisphosphate has been shown to be 
an activator or inhibitor of a number of enzymes 
(Kirtley and McKay, 1977). Since fructose 2,6-bisphos­
phate is a structural analogue of fructose 1,6-bisphos- 
phate, it is conceivable that fructose 2,6-bisphosphate 
might have some effect on enzyme systems previously 
ascribed to fructose 1,6-bisphosphate. From the 
results shown in Figures 11-14 and 11-15, it is obvious
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Figure 11-12. Effect of fructose 2,6-bisphos­
phate on kinetics of the PFK reaction with ATP as the 
variable substrate. Assay conditions were as outlined 
in Materials and Methods, with the exception that 
[fructose 6-phosphate] was 0.1 mM. Enzyme concentration 
was 0.3 pg/ml. (o), minus fructose 2,6-bisphosphate;
(A) plus 1.5 nM fructose 2,6-bisphosphate.
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Figure 11-13. Effect of fructose 2,6-bisphos- 
phate on the kinetics of the PFK reaction with ITP as 
the phosphoryl donor. Assay conditions were as outlined 
in Materials and Methods, with the exception that ATP 
was not included in the medium. Enzyme concentration 
was 0.7 yg/ml. (•), minus fructose 2,6-bisphosphate;
(o), plus 1.5 nM fructose 2,6-bisphosphate.
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Figure 11-14. Effect of fructose 2,6-bispho 
phate on kinetics of L-type pyruvate kinase, pH 7.5, 
1.25 mM ADP. (o), control, no effector; (A) 15 pM 
fructose 2,6-bisphosphate; (□), 1 mM fructose 1,6-bi 
phosphate.
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Figure 11-15. Effect of fructose 2,6-bisphos- 
phate on the kinetics of phosphoglucose isomerase. (o), 
control, no effector; (□), 10 mM fructose 1-phosphate; 
(+), 10 mM fructose 1,6-bisphosphate; (A), 0.30 mM 
fructose 2,6-bisphosphate.
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that fructose 2,6-bisphosphate is not an effector of 
either L-type pyruvate kinase (for which fructose 1,6- 
bisphosphate is a clearly shown allosteric activator) 
or phosphoglucose isomerase, respectively. Contrary to 
the data presented by Zalitis and Oliver (1967), this 
investigation found no effect of fructose 1,6-bisphosphate 
on the activity of phosphoglucose isomerase.
Discussion
Compounds which exhibited activation in the range
- 7
observed with fructose 2,6-bisphosphate (1.2 x 10 M) 
and their respective activation constants (in parenthesis)
were 1,4-butanediol bisphosphate (6.6 x 10 M) ,
' - g2.5-anhydro-D-mannitol 1,6-bisphosphate (2.9 x 10 M ) ,
2.5-anhydro-D-glucitol 1,6-bisphosphate (4.7 x 10 ^ M) ,
-5and hexitol-1,6-bisphosphate (4.0 x 10 M ) . Other bis­
phosphate analogues which showed activation were well in 
excess of these values. These data suggest that, while 
allowing for some flexibility, the allosteric bisphos­
phate binding site of PFK requires that the distance 
between the two phosphate groups of the activator be in 
the range of 9.0-10.2 A.
From the standpoint of evolution, the allosteric 
bisphosphate binding site is highly specific for fructose
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2,6-bisphosphate. Fructose 2,6-bisphosphate was 24 times 
more effective in activating PFK than the next closest 
activator, 2,5-anhydro-D-mannitol 1,6-bisphosphate, and 
55 times more effective than 1,4-butanediol bisphosphate. 
While the maximum phosphate-phosphate distance in 2,5- 
anhydro-D-glucitol 1,6-bisphosphate is closer to that of 
fructose 2,6-bisphosphate (10.0 and 9.0 A, respectively),
2.5-anhydro-D-mannitol 1,6-bisphosphate (10.2 A phosphate- 
phosphate distance) showed much greater activation than 
the corresponding a-analogue. (2,5-Anhydro-D-mannitol
1.6-bisphosphate and 2,5-anhydro-D-glucitol 1,6-bisphos- 
phate are, respectively, analogues of the 3- and 01- 
anomers of fructose 1,6-bisphosphate). This result may
be due to the fact that while the maximum distance between 
phosphates in 2 , 5'-anhdyro-D-mannitol 1,6-bisphosphate 
is 10.2 A, orientation of the phosphate group on the C-l 
hydroxyl (in the absence of an anomeric hydroxyl) could 
be such as to mimic more closely the phosphate-phosphate 
separation seen in fructose 2,6-bisphosphate. This 
proposed orientation is diagrammed in Figure 11-16.
The potency of the activation shown by 1,4- 
butanediol bisphosphate was surprising. 1,4-Butanediol 
bisphosphate approximates the spacing across the top of 
the fructose 2,6-bisphosphate molecule (Figure 11-17).
This observation indicates that the bisphosphate
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Figure 11-16. Proposed orientation of 2,5- 
anhydro-D-mannitol 1,6-bisphosphate compared to fructose
2,6-bisphosphate.
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Fructose 2,6-bisphosphate
2,5-Anhydro-D-mannitol 1,6-bisphosphate
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allosteric site does not require the furanose ring in the 
activator. In this regard, it is quite different from 
the PFK active site which was shown to require the 
furanose ring for activity (Koerner et a l . , 1974; 
Younathan et al . , 19 81). The number of atoms involved 
is identical and differ only in the substitution in 
1,4-butanediol bisphosphate of a carbon for the ring 
oxygen in fructose 2,6-bisphosphate. Because of 
repulsion between phosphate groups, 1,4-butanediol bis­
phosphate (and other linear bisphosphate analogues) 
exists in solution as the zigzag conformation (Hartman 
and Barker, 1965) shown in Figure 11-17.
The presence of hydroxyls is not a requirement 
of binding to the bisphosphate site of PFK, as was shown 
in the case of 1,4-butanediol bisphosphate. However, 
hydroxyl binding is apparently a factor in the activation 
exhibited by hexitol 1,6-bisphosphate. The maximum 
phosphate-phosphate distance in this compound is 11.8 A, 
yet it showed quite good activation of PFK. Interaction 
of hydroxyls at a hydroxyl binding site(s) on the enzyme 
could in turn minimize the phosphate-phosphate distance, 
thereby increasing the likelihood of binding at the 
bisphosphate site. Another possibility to explain the 
effectiveness of hexitol 1,6-bisphosphate as an activator 
is that dipole interactions between the hydroxyls could
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Figure 11-17. Comparison of structures of 
fructose 2,6-bisphosphate and 1,4-butanediol bisphosphate.
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cause the carbon chain to assume a conformation (and 
therefore phosphate-phosphate separation) similar to the 
furanose ring system (Hartman and Barker, 1965). As such, 
the compound would probably be able to fit well at the 
bisphosphate binding site.
Citrate is one of the most important physio­
logical inhibitors of PFK. Both fructose 2,6-bisphosphate 
and its synthetic analogue, 1,4-butanediol bisphosphate , 
afforded protection against citrate inhibition (Figures 
11-10 and 11-11). The differences in the presence and 
absence of bisphosphate are striking. At 10 yM citrate, 
greater than 50% of initial activity had been lost in 
the absence of bisphosphate compounds. In the presence 
of fructose 2,6-bisphosphate (1.5 and 15 nM) 70% and 85%, 
respectively, of the initial activity remained at 10 yM 
citrate. Incorporation of 50 yM 1,4-butanediol bisphos­
phate in the assay medium resulted in the retention of 
85% of the initial activity at the same level of citrate. 
This would indicate that binding of fructose 2,6-bis­
phosphate or 1,4-butanediol bisphosphate at the bisphos­
phate binding site stabilizes the enzyme in an active 
conformation which is more resistant to inhibition by 
citrate.
Chapter III
ESSENTIAL ARGININE RESIDUES IN PHOSPHOFRUCTOKINASE
Introduction
Arginyl residues have been found to serve as 
positively charged binding sites for enzymes having 
anionic substrates and cofactors (Riordan et al . , 1977).
A number of enzymes have been identified which have 
arginyl residues as part of the active site or allosteric 
binding site. Included among these are ribonuclease A 
(Takahashi, 1970), carboxypeptidase A (Ikenaga and 
Takahashi, 1974), E. coli alkaline phosphatase (Daeman 
and Riordan, 1974), alcohol dehydrogenase (Lange et a l ., 
1974), creatine kinase (Borders and Riordan, 1975) , and 
aldolase (Lange et a l . , 1974). Riordan et al. (1977) 
determined that most of the enzymes involved in the 
glycolytic pathway contained essential arginyl residues. 
All of the glycolytic intermediates contain negatively 
charged phosphate groups.
The putative presence of essential arginyl groups 
in enzymes is usually determined by selective modifi­
cation using 1,2-cyclohexadendione (Toi et a_l. , 1967), 
phenylglyoxal (Takahashi, 1968), or 2,3-butanedione 
(Riordan et al., 1977). Phenylglyoxal reacts with the
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arginyl residue to give an adduct containing two phenyl­
glyoxal moieties per arginyl (Takahashi, 1968) as shown 
in Figure III-l. Such modification results in loss of 
activity at a rate which is dependent upon phenylglyoxal 
concentration and the nature of the arginyl residue (s) 
affected.
X-ray crystallographic studies have shown that 
phosphofructokinase from Bacillus stearothermophilus con­
tains arginyl residues at the active and effector sites 
(Evans and Hudson, 1979). B. stearothermophilus PFK is 
much smaller than the mammalian enzymes. It is a 
tetramer with identical subunits, each of which has a 
molecular weight of 33,900. The entire amino acid 
sequence of PFK from this source has been determined 
(Hudson et a l . , 1979). PFK from B. stearothermophilus 
has much simpler regulatory properties than corresponding 
mammalian enzymes. It is not inhibited by ATP or citrate, 
nor is it activated by AMP.
In light of the published presence of arginyl 
residues at essential sites in phosphofructokinase from 
B. stearothermophilus, this study was undertaken to 
assess the possible role of arginyl residues in active 
and regulatory sites of rabbit muscle phosphofructokinase.
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Figure III-l. Proposed structure by Takahashi 
(1968) of the adduct formed from the reaction of phenyl­
glyoxal with arginyl residues.
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Materials and Methods
Enzyme preparation. Phosphofructokinase was 
extracted from fresh rabbit muscle according to the 
method of Ling et a_l. (1966) . Further purification was 
carried out by gel filtration on Sephacryl S-200 in 0.1 M 
potassium phosphate buffer (pH 8.0) to remove a low 
molecular weight protein contaminant. Immediately prior 
to use, aliquots of the enzyme were dialyzed overnight 
against 0.05 M potassium phosphate, 0.2 mM EDTA (pH 8.0) 
to remove ammonium sulfate present in the storage 
solution. The homogeneity of the preparation was 
established by acrylamide gel electrophoresis in the 
presence of sodium dodecyl sulfate (Weber and Osborn, 
1969). All experiments were performed using the same 
preparation.
Modification studies. Phenylglyoxal was prepared 
from acetophenone according to the method of Riley and 
Grey (1943). All other reagents were of highest quality 
and were used without further purification.
Phosphofructokinase, 1.6 mg/ml in 0.05 M 
potassium phosphate, 0.2 mM EDTA (pH 8.0) was incubated 
with the appropriate ligands for 10 min at 28°C. 
Phenylglyoxal was added to a final concentration of
1.0 mM, and allowed to react for 120 min. The final
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concentration of all ligands was 5.0 mM. Mg+ + , where 
indicated, was 10 mM.
Aliquots for rate determination and for amino 
acid analysis were removed from the reaction mixture at 
the time intervals indicated. For rate determination, 
samples were appropriately diluted into ice-cold 0.05 M 
potassium phosphate buffer (pH 8.0).
i
Enzyme assays. Enzyme activity was measured 
using the pyruvate kinase-lactate dehydrogenase coupled 
system. The assay mixture (1.0 ml) contained the follow­
ing reagents at the indicated final concentrations:
1 mM ATP, 1 mM fructose 6-phosphate, 4 mM M g C ^ *  50 mM 
K C 1 , 1 mM dithiothreitol, 0.2 mM EDTA, 0.2 mM phosphoenol- 
pyruvate, 50 mM Tris-Cl buffer (pH 7.8), 0.16 mM NADH,
20 units of pyruvate kinase, 20 units of lactate 
dehydrogenase, and an appropriate amount of PFK. The 
reaction was initiated by the addition of fructose 6- 
phosphate. Enzyme activity was followed by monitoring 
the decrease in absorbance of NADH at 340 nm using a 
Gilford recording spectrophotometer, temperature 
controlled to 28°C.
Amino acid analysis. For amino acid analysis, 
aliquots of the reaction were mixed with an equal volume 
of 12 N HCl and hydrolyzed in evacuated, sealed tubes
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for 24 h at 100°C. Analyses were performed by Dr. E. 
Blakeney on a Beckman Model 110 analyzer, using a 7.0 x 
0.9 cm column of Beckman W-l resin maintained at 48°C. 
Elution of this column with a buffer 0.62 M in sodium ion 
(0.2 M as sodium citrate, 0.42 M as sodium chloride)
(pH 5.26), pumped at 70 ml/h allowed determination of 
L y s , His, and Arg in 60 min (including regeneration and 
equilibration time), with base-line resolution. Each 
sample was analyzed five times. The number of arginyl 
residues modified was calculated from the Arg/His ratio 
(Borders and Riordan, 1975) .
The reported amino acid analysis of phosphofructo­
kinase (Paetkau et a l . , 1968) was recalculated assuming 
a subunit molecular weight of 80,000. On this basis,
PFK contains 49 arginyl and 18 histidyl residues per
80,000 subunit.
In order to determine if small changes in the 
ratio of Arg to His could be detected, a series of 
standard solutions of these basic amino acids was 
prepared and analyzed. Concentrations were preselected 
that represented the sequential loss of 0.5 arginyl 
residue/subunit. Using the methodology described above, 
five repetitive amino acid analyses yielded mean values 
whose associated standard deviations allowed the
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confident measurement of a loss of one arginyl residue/ 
subunit of phosphofructokinase.
Results
Phenylglyoxal has been shown to be highly 
specific as a modifier of arginyl residues in proteins 
(Takahashi, 1968; Takahashi, 1977). The only side 
reaction detectable by amino acid analysis of modified 
proteins is with the N-terminal a-amino group. This 
possibility may be excluded in the case of rabbit muscle 
phosphofructokinase since we have found its N-terminus 
to be acetylated (Paetkau et al., 1968; Kuo and 
Younathan, 1973).
Figure III-2 shows that phosphofructokinase is 
inhibited by exposure to low concentrations of phenyl­
glyoxal in 0.05 M potassium phosphate (pH 8.0). Semi­
log plots of residual activity versus time, shown in 
Figure III-3, indicate that the rate of inactivation 
follows pseudo-first order kinetics and is proportional 
to the concentration of phenylglyoxal under the experi­
mental conditions used. Times for 50% inactivation,
T, values, are given in Table III-l. An inhibitor 
concentration of 1.0 mM reduced the activity to approxi­
mately 11% in 120 min, and this concentration was used 
in the protection experiments.
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Figure III-2. Inactivation of phosphofructo­
kinase by phenylglyoxal. Phosphofructokinase (0.032 mg) 
was incubated with 0.5 mM (O) , 1.0 mM (•), 2.5 mM (A) 
and 5.0 mM (A) phenylglyoxal in 0.05 M potassium 
phosphate, 0.2 mM EDTA (pH 8.0) at 28°C. Activities 
reported are relative to control (■).
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Figure III-3. Semi-log plot of loss of activity 
of phosphofructokinase. Conditions and symbols are the 
same as in Figure III-2. Lines were fitted visually.
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Table III-l
Inactivation of Phosphofructokinase by Phenylglyoxal
[Phenylglyoxal], mM T, (min) 
*2
ino 60
1.0 30
2.5 15
5.0 6.3
Figure III-4 depicts the correlation of the loss 
of activity with the number of arginyl residues modified 
per subunit. The relationship is linear to approxi­
mately 30% residual activity, corresponding to the 
modification of four arginyls/subunit. At this point, 
the slope changes, indicating a much slower rate of 
reaction for the remaining arginyl residues. Extrapo­
lation of the initial slope to 0% residual activity 
indicates the loss of six arginyl residues at total 
inhibition.
The results of ligand protection studies are 
shown in Table III-2. Both fructose 6-phosphate and 
fructose 1,6-bisphosphate were effective in protecting 
against modification by phenylglyoxal. Amino acid 
analysis data indicate that both of these ligands protect 
two arginyls/subunit against modification. There was,
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Figure III-4. Correlation of loss of activity 
of phosphofructokinase with modification of arginyl 
residues by phenylglyoxal. The enzyme was incubated 
with various concentrations of phenylglyoxal as shown 
in Figure III-2. At various time intervals, aliquots 
were withdrawn and analyzed as described in Materials 
and Methods.
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Table III-2
Protection of Phosphofructokinase Activity by Certain of 
its Modulators Against Inactivation by Phenylglyoxal
Protecting
ligand
% Residual 
activity
Number Arg 
modified/subunit
Change relative to 
unprotected enzyme
None 11 6.2 ± 0.2
MgATP 59 6.7 ± 0.4 +0.5
MgADP 60 6.4 ± 0.1 +0.2
MgAMP 45 6.2 ± 0.3 0.0
F 6-P 35 4.4 ± 0.2 -1.8
F 1,6-P2 44 4.2 ± 0.4 -2.0
1
1
5
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nevertheless, a substantial decrease in activity shown 
with both fructose 6-phosphate and fructose 1,6-bisphos- 
phate (35% and 45% residual activity, respectively).
This loss in activity could be correlated with the 
modification of the two arginyl residues. MgATP and 
MgADP evidenced the greatest degree of protection 
relative to percent residual activity (59-60% residual 
activity versus 11% for unprotected control at 120 m i n ) . 
Residual activity in the presence of MgAMP roughly 
paralleled that obtained with the fructose phosphates. 
However, the number of arginyl residues modified in the 
presence of the nucleotides was consistently equal to, 
or slightly larger than those modified in the unprotected 
enzyme. Although these data were unexpected, they were 
quite reproducible. An explanation of these observations 
is given under "Discussion."
Discussion
Studies in this laboratory (Koerner et aul. , 1974; 
Koerner et aJL. , 1976) have determined the tautomeric, 
anomeric, and epimeric specificity of the fructose 6- 
phosphate site of phosphofructokinase, and a model has 
been proposed (Koerner et a l . , 1977). This model 
includes two cationic groups which interact electro­
statically with the phosphate group of fructose
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6-phosphate. Pertinently, D-fructose 6-sulfate has been 
tested as an alternate substrate for PFK (Martensen and 
Mansour, 1976). This analogue, having one less negative 
charge, showed a Km value 100-fold larger than fructose 
6-phosphate. This observation, and the studies mentioned 
above point to the important role of electrostatic 
attraction for the binding of fructose 6-phosphate at the 
active site. The presence of two functional arginyl 
residues at this site is in accordance with these studies.
The high degree of protection argues strongly 
that essential arginyl residues are indeed being pro­
tected by the ligands. The unexpected number of residues 
modified can be attributed to a conformational change 
induced by the binding of these ligands. Binding 
protects those residues which are essential for catalysis. 
The concomitant conformational change renders other, less 
essential residues more reactive to the modifying reagent.
A crystallographic study of the prokaryotic 
phosphofructokinase from B. stearothermophilus has been 
published (Evans and Hudson, 1979). Three binding sites 
have been identified on this enzyme. The fructose 6- 
phosphate site (site A) interacts with the 6-phosphate 
of its substrate through His 246 as well as Arg 159 and 
Arg 240. Moreover, Arg 249 participates in binding of 
the fructose ring. The ATP site (site B) is not clear
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on the electron density map. The side chain of Arg 168 
does become ordered where nucleotides are bound, 
suggesting an involvement in binding. The effector site 
(site C) involves the participation of three arginyls, 
namely 21, 25, and 151. Thus seven arginyl residues are 
intimately involved in ligand binding. The studies 
reported here support the involvement of multiple arginyl 
residues in the sites of rabbit muscle PFK. This feature 
is apparently shared with the prokaryotic enzyme.
Recently, Poorman et a^. (1983) published a
preliminary sequence detailing most of the residues of 
the monomeric subunit of rabbit muscle phosphofructokinase. 
To date, 680 out of a total 780 amino acid residues have 
been sequenced. The data indicate that the rabbit muscle 
phosphofructokinase monomer shares areas of homology, 
including the active site, with the PFK from B. stearo- 
thermophilus. This is suggestive that they probably both 
arose from a common ancestor.
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